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Extracellular Vesicles {#sec1}
======================

"Extracellular vesicles" is an umbrella term for the small sub-micrometer-sized particles composed of lipid membranes that all cells release. Extracellular vesicles (EVs) are defined by the presence of one or more lipid membranes, but in addition vesicles contain essentially all molecules that are found inside and on cells. These include proteins (such as cell surface proteins, membrane proteins, and cytoplasmic proteins), nucleic acids (such as small noncoding RNAs, mRNAs, and DNA fragments), and soluble small molecules (such as second messengers, carbohydrates, and hormones). A schematic drawing of an EV is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Origin and cargo of extracellular vesicles (EVs). EVs are cell-derived nanosized vesicles that play an important role in intercellular communication through transfer of biological cargo. Their cargo comprises nucleic acids, lipids and phospholipids, and proteins. Interactions of EVs with the environment are mainly driven by their surface molecules. EV contents are released after uptake by recipient cells, possibly activating cellular pathways and resulting in phenotypical changes.](ar-2019-00109z_0001){#fig1}

EVs have captured the imagination of scientists in many different disciplines as the vesicles could transport their bioactive cargo between their parental cell and an acceptor cell. This cell may be in the vicinity but may also be present at a distant site. Because of their lipidic membrane, the signal arrives undiluted and is protected while traveling from, for example, enzymatic degradation. Importantly, EV-mediated intercellular cargo transfer has been shown to play important roles in various physiological as well as pathological processes.^[@ref1]^ Various biomedical applications of EVs could be imagined, such asLiquid biopsies. Being able to isolate these vesicles from bodily fluids would provide a snapshot of the producer cells at the time of vesicle-production enabling near real-time monitoring of disease regression or progression and response to therapy, for example, in cancer.Therapeutic intervention. Being able to redirect vesicles to tissues of interest could be used to degrade pathological signals or focus their intrinsic therapeutic activity, for example, in regenerative medicine.Drug delivery. Using the delivery capabilities of EVs for targeting of therapeutics to specific cells and tissues, for example, in the delivery of therapeutic RNAs.

The latter subject, drug delivery with EVs, is the topic of this Account. For the drug delivery field, EVs appear to comprise the holy grail of pharmaceutics, where complex biological cargo could potentially be delivered with cellular and even subcellular specificity.

Imagination versus Reality {#sec2}
==========================

Over the past decade, much has been discovered about the biogenesis, release, and function of EVs. The picture that emerges, however, does not lead to straightforward applications.

All cells release vesicles, albeit the number, composition, and physicochemical characteristics vary.

At present, three routes for vesicle formation are recognized: (1) Invaginations of endosomes forms multivesicular bodies from which, upon fusion with the cell membrane, intraluminal vesicles, from that moment onward referred to as exosomes, are released. The size of these vesicles is 30--100 nm. (2) Budding of the cell membrane leads to release of vesicles known as microvesicles. The size of these vesicles is 50--1000 nm. (3) Release of membrane material during cellular apoptosis produces vesicles known as apoptotic bodies. The size of these apoptotic vesicles is ill defined and ranges from 100 nm to several micrometers.

Still, no unique markers for each vesicle type have been determined, and the various classes have partly overlapping physicochemical characteristics. As a result, categorization after release is very difficult. In addition, it appears that each class can be divided into subpopulations of vesicles, further adding to the complexity.^[@ref2]^

To add to this, each of these physicochemical aspects is in turn influenced by parental cell type, cellular activation state, local microenvironment, biogenesis pathway, and intracellular cargo sorting routes. On top of that, each isolation method for vesicles necessarily enriches certain vesicle classes and subpopulations while depleting others. Also, each method is associated with a varying degree of vesicle purity and concomitant coisolation of cellular debris, protein aggregates, or other nanosized particles like lipoproteins. The overall result is a staggering heterogeneity. On the one hand, this heterogeneity is in line with the wide variety of functions that have, over the past years, been ascribed to EVs in physiological and pathophysiological processes. However, on the other hand, to be able to reproducibly produce defined EVs for biomedical purposes, a better understanding of the relationship between EV composition and function is required. Over the past years, we have embedded this theme in our research to improve drug delivery, in particular of RNA therapeutics.

Surface of Extracellular Vesicles {#sec3}
=================================

The surface of EVs is important as it determines their possible interactions with target tissues and nontarget tissues. Synthetic nanoparticles have a tendency to become rapidly opsonized with proteins, once in contact with biological media.^[@ref3]^ The specific profile is dependent on the surface chemistry of the particles. For example, charged surfaces initially tend to be opsonized with proteins bearing opposite charges. Over time the pattern changes in agreement with the Vroman effect, which states that high mobility proteins opsonize first and are subsequently replaced by less mobile proteins with a higher affinity for the surface.^[@ref4]^ Usually, the early proteins opsonizing the pristine surface of synthetic nanoparticles cause a rapid clearance by cells of the mononuclear phagocyte system (MPS) followed by degradation in these cells through the endosomal--lysosomal pathway.^[@ref5]^ In addition, the immune system can become activated. A variety of nanomedicines and protein conjugates cause unpredictable hypersensitivity reactions upon infusion, especially after intravenous administration. These mild to severe symptoms that resemble allergic reactions are not clearly understood and differ between patients. One factor that appears to be involved in many of these adverse reactions is activation of the complement system. Currently these reactions are therefore classified as complement-activation-related pseudoallergy (CARPA).^[@ref6]^

The most popular strategy to avoid rapid clearance is to decorate the nanoparticle surface with a hydrophilic polymer layer such as poly(ethylene glycol) (PEG). By virtue of the resulting decelerated clearance, the nanoparticles can reach other tissues and cell types. Doxil, a PEGylated liposomal formulation of doxorubicin, has been the first marketed nanomedicine based on this principle.^[@ref7]^ The PEG is stably anchored in the liposome bilayer through a phospholipid with two saturated C18 acyl chains leading to a prolongation of circulatory half-life to 20--30 h. For RNA delivery, currently the only marketed nanoparticle formulation is Onpattro.^[@ref8]^ This is a lipid nanoparticle carrying siRNA that silences mutant transthyretin for the treatment of hereditary transthyretin-based amyloidosis. The lipid nanoparticle encapsulates the siRNA via electrostatic binding to an ionizable fusogenic lipid and is covered with a protective PEG corona. Because of the relatively short C14 lipid anchor of the PEG, this protective layer is gradually lost in the circulation and slowly replaced by blood proteins. One of the dominant proteins that opsonizes the lipid nanoparticles and determines their fate is apolipoprotein E.^[@ref9]^ This apolipoprotein is recognized by the low-density lipoprotein receptor, which is present on many cells but especially prominently expressed on hepatocytes. As a result, Onpattro delivers its payload quite efficiently to the liver where the majority of the mutant protein is produced.

Still, even this formulation has substantial drawbacks: it elicits infusion related hypersensitivity reactions and as a result requires pretreatment with a corticosteroid, acetaminophen, and antihistamines (H1 and H2 receptor blockers).^[@ref10]^ Furthermore, the apolipoprotein E-based opsonization strategy only favors delivery to hepatocytes. Currently, targeting to alternative tissues and cells with this formulation is not efficient enough to be clinically feasible.

These drawbacks provide opportunities for investigating the application of extracellular vesicles as drug delivery vehicles. As natural materials they might be expected to avoid the hypersensitivity reactions associated with the use of synthetic systems. In addition, their complex surface might enable high specificity and selectivity for specific tissues and cells and a preference for intracellular routing toward functional delivery.

With respect to infusion-related adverse effects, surprisingly little is known about the ability of extracellular vesicles (if any) to avoid these reactions. It is assumed that the combination of natural proteins, carbohydrates and lipids may help to overcome CARPA. However, experimental evidence is still limited. Most studies in which extracellular vesicles have been injected into animals have been performed in rodents. In these species, these infusion-related reactions are not as prominent as in humans, including for synthetic systems. For meaningful studies, sensitive species, such as pigs, should be used. In these animals, however, most studies focus on local rather than intravenous injection as the large-scale isolation of extracellular vesicles is laborious and local injection at the site of action is expected to increase efficacy. One trial reported on extracellular vesicles from virus-infected pigs that were isolated from serum and used as an intramuscular vaccine.^[@ref11]^ The studies on applications of extracellular vesicles discussed in this Account are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Examples of Applications of EVs in Drug Delivery as Mentioned in this Account

  EV source                                                                         engineered content                                                                                                                                        application                                                                                ref
  --------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ ------------
  porcine peripheral blood                                                          none; EVs were administered in combination with Montanide adjuvant                                                                                        vaccination against porcine reproductive and respiratory syndrome virus                    ([@ref11])
  human mesenchymal stem cells                                                      none                                                                                                                                                      treatment of chronic myocardial ischemia                                                   ([@ref12])
  autologous dendritic cells                                                        isolated EVs or cells were pulsed with MAGE-derived peptides                                                                                              vaccination against non-small-cell lung cancer                                             ([@ref13])
  autologous dendritic cells                                                        isolated EVs or cells were pulsed with MAGE-derived peptides                                                                                              vaccination against stage III/IV melanoma                                                  ([@ref14])
  mouse neuroblastoma (Neuro2A) cells                                               surface modified with PEG-nanobodies through postinsertion                                                                                                improvement of EV circulation time and tumor accumulation                                  ([@ref15])
  mouse neuroblastoma (Neuro2A) cells                                               surface modified with GPI-anchored anti-EGFR nanobodies trough cell engineering                                                                           improvement of EV binding and internalization by EGFR-positive tumor cell                  ([@ref17])
  mouse immature dendritic cells                                                    surface modified with RVG-Lamp2b proteins through cell engineering; loaded with siRNA by electroporation                                                  knockdown of BACE1 expression in the brain                                                 ([@ref18])
  human embryonic kidney (HEK293) cells                                             surface modified with anti-EGFR peptides (GE11) by cell engineering; loaded with miRNA/siRNA by donor cell transfection with synthetic oligonucleotides   inhibition of breast cancer tumor growth                                                   ([@ref19])
  human cervical cancer (HeLa) cells                                                surface engineered with cell-penetrating peptides through chemical cross-linking; loaded with saporin through electroporation                             improvement of EV uptake and cargo delivery *in vitro*                                     ([@ref20])
  human and mouse mesenchymal stromal cells                                         loaded with paclitaxel through incubation of donor cells with drug                                                                                        reduction of melanoma tumor growth by coimplantation of paclitaxel-loaded cells            ([@ref27])
  human embryonic kidney (HEK293T) cells                                            loaded with Cre recombinase protein through cell engineering with reversible light-responsive protein interactors                                         improved EV-mediated protein delivery to the brain after local injection                   ([@ref32])
  various cell lines                                                                loaded with phototoxic porphyrins via EV electroporation, saponin treatment, extrusion, hypotonic dialysis, or passive incubation                         EV loading with small molecular weight drugs for improved intracellular delivery           ([@ref33])
  mouse neuroblastoma (Neuro2A) cells                                               loaded with siRNA via EV incubation with cholesterol-conjugated siRNA                                                                                     improved *in vitro* siRNA delivery                                                         ([@ref34])
  human embryonic kidney (HEK293T) and breast cancer (MCF-7) cells                  loaded with siRNA, miRNA, and single-stranded DNA via sonication                                                                                          functional delivery of small nucleic acids *in vitro*                                      ([@ref36])
  human umbilical vein endothelial cells (HUVEC) and mouse mesenchymal stem cells   surface engineered and loaded with photosensitizers through EV fusion with liposomes                                                                      evasion of macrophage uptake and delivery of small molecular weight compounds *in vitro*   ([@ref37])
  human breast cancer (MDA-MB-231) cells                                            loaded with Cre recombinase mRNA (and possibly protein) through donor cell engineering                                                                    studying EV-mediated cargo transfer and associated functional effects *in vivo*            ([@ref43])
  autologous tumor cells                                                            loaded with methotrexate through incubation of the donor cells with the drug                                                                              vaccination against advanced lung cancer and malignant pleural effusion                    ([@ref45])

In another study, intracardiac administration of mesenchymal stem cell vesicles into an ischemic area of the myocardium was performed.^[@ref12]^ In addition, four pigs also received a dose of 50 μg of EVs intravenously via an auricular vein while hemodynamics were continuously monitored. In both studies, CARPA-related adverse effects were not observed, whereas in previous studies with liposomes as little as 5 μL of liposomes could induce shock-like symptoms. These observations may suggest that extracellular vesicles, at least those derived from human mesenchymal stem cells harvested under these particular culture conditions and using these isolation methods, are well tolerated. However, phase I clinical trials revealed that EVs derived from autologous dendritic cells caused mild inflammatory reactions at the site of subcutaneous administration in half of the patients,^[@ref13],[@ref14]^ suggesting that even autologous EVs may elicit CARPA.

Although safety is important, efficacy still determines the viability of the strategy. We have examined the fate of intravenously administered EVs and found that their tissue distribution profile mimics that of non-PEGylated liposomes.^[@ref15]^ Predominant organs of uptake were liver and spleen, typical MPS-rich clearance tissues. Many other studies with EVs from different origins have found similar results. Still, this does not automatically mean that EVs have lost their attractiveness for systemic drug delivery. Again, the heterogeneity of EVs and methods for their production and isolation prevents straightforward interpretation of the data.

Various isolation methods have been applied to isolate the vesicles examined in these studies. It is known that certain procedures may compromise EV integrity and structure. Therefore, it could be argued that these methods may have impacted the *in vivo* performance and tissue distribution of the EVs. Still, in a direct comparison study between an isolation method known to affect EV structure (ultracentrifugation) and size-exclusion chromatography, the dominance of MPS-mediated clearance was apparent for both methods.^[@ref16]^

We have tried to engineer the EV surface by synthetic and biological methods. We have borrowed the PEGylation strategy from the synthetic nanoparticle field.^[@ref15]^ By incubation of EVs with micelles of PEG-phospholipids, the surface of the EVs became coated with a PEG corona. The impact of incorporation was, however, limited. Tissue distribution was largely unaffected, and only a slight increase in circulation time was noted. If we compare this to the increase that is observed for synthetic systems following the same strategy, it appears that the increase is far more dramatic. This may suggest that the EVs' recognition signals are overruling the protective PEG-corona.

We have also used biological engineering of the producing cells in order to achieve surface expression of specific targeting ligands. EV producing cells were transfected with vectors encoding for anti-epidermal growth factor receptor targeted nanobodies fused to glycosylphosphatidylinositol anchor signal peptides derived from decay-accelerating factor.^[@ref17]^ It was shown that the nanobodies can be anchored on the surface of extracellular vesicles via the phospholipid, which altered their cell targeting behavior at least *in vitro*. Similar results have been obtained by other groups, which employed native EV membrane proteins (e.g., Lamp2b and platelet-derived growth factor) as fusion partners for targeting ligands.^[@ref18],[@ref19]^ Alternatively, the surface of EVs has been manipulated through chemical engineering, such as click chemistry.^[@ref20],[@ref21]^ However, it remains unclear how such modifications affect EV--cell interactions and delivery capacity.

In the studies that revealed extracellular vesicle tropism for MPS organs, a variety of cell sources have been used. However, it remains conceivable that the release of EVs suitable for systemic administration differs among cell types. One cellular factor that has been identified to possibly benefit EVs' suitability for systemic administration is the expression of CD47. CD47 is a surface protein that serves as a "do not eat me signal" that appears to limit phagocytic uptake through binding to its receptor signal-regulatory protein (SIRP) α, which is found on cells of the myeloid lineage. It has been shown that EVs without CD47 showed a reduced half-life compared to their CD47-expressing counterparts.^[@ref22]^ Similar findings were reported for synthetic nanoparticles decorated with CD47-derived peptides.^[@ref23]^

CD47 expression is likely restricted to specific subpopulations of EVs, as the surface composition of EVs is known to be highly heterogeneous.^[@ref24]^ EV subpopulation identification and isolation is therefore evolving as an increasingly important element in EV research. It is known that EVs are involved in many different cellular processes, including "waste management". Vesicles carrying such cellular waste could very well be secreted with MPS tissues as target. One of the important surface molecules in this respect may be the phospholipid phosphatidylserine, which has the opposite effect of CD47. In studies with PEGylated liposomes, we showed that the presence of phosphatidylserine in the liposome bilayer even overrules the dramatic protective PEG-coating effect in liposomes.^[@ref25]^ Phosphatidylserine efficiently binds specific opsonins, such as the lactadherin protein, that direct phagocytic uptake by bridging the phospholipid with integrins on the surface of phagocytes. For this reason, phosphatidylserine is carefully withdrawn from the cell surface and only present in the inner leaflet of the cell membrane. Certain subpopulations of EVs, however, display phosphatidylserine on their surface.^[@ref26]^ Many phosphatidylserine-binding opsonins, including lactadherin, are described as canonical extracellular vesicle proteins. It is likely that such phosphatidylserine-positive EVs are released with a cellular target in the MPS.

We are currently trying to couple EV surface characteristics to function. In one of our strategies, we isolate various subpopulations and analyze their properties separately. In this setup, EV capture is performed using magnetic microbeads coated with specific antibodies against cognate antigens on the vesicle surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Subsequent magnetic separation allows separate analysis of EV subpopulations. In theory, the magnetic capture could even be combined with dissociation in order to study the functional behavior of the EV subpopulations. For this, the dissociation should be mild enough to not affect vesicle integrity or protein structure on the surface, while being strong enough to break the antibody--antigen binding.

![Schematic representation of EV subpopulation separation and characterization. EVs are captured onto magnetic beads coated with antibodies against EV surface molecules. EV subpopulation content and function is analyzed using a variety of assays.](ar-2019-00109z_0002){#fig2}

Cargo Engineering {#sec4}
=================

For synthetic systems, there is usually full flexibility on the timing and method of drug incorporation into the nanoparticles. It may allow the use of organic solvents, chemical coupling to carrier materials, and other strategies that maximize the loading efficiency. For example, for small molecular weight drug remote loading procedures have been demonstrated to result in near complete encapsulation, such as used in the production of the marketed liposomal formulation Doxil. Here, a transmembrane gradient of ammonium sulfate drives intraliposomal precipitation of doxorubicin as the sulfate salt. For Onpattro, the negatively charged siRNA is efficiently encapsulated in the lipid nanoparticle by electrostatic complexation to positively charged ionizable lipids enforced at low pH. Especially for complex and costly pharmaceuticals, like biologicals, drug incorporation can be a critical determinant of the business case for product development.

As EV production and cargo loading are cellular processes, the options are necessarily more limited. Either the methods are applied in the production phase, which requires compatibility with cell culture and viability, or the drug is incorporated after the isolation of vesicles, but then the integrity and composition of the vesicles should be minimally affected.

Several small molecular weight drugs, such as paclitaxel and imatinib, have been loaded into vesicles during production by co-incubation with cells. It seems critical that the producing cell can withstand high concentrations of the drugs in order for this approach to be effective. For example, using mesenchymal stem cells, which displayed high resistance to paclitaxel, 2000 ng/mL could be used in culture conditions to load vesicles during their production, resulting in sufficient loading for functional delivery to block tumor proliferation.^[@ref27]^

Proteins and nucleic acids can also be loaded by transfection of the producing cell with the encoding DNA. For RNA, on average, the incorporation is proportional to the intracellular concentrations of the transfected nucleic acid. Generally speaking, the larger the RNA molecule, the lower the absolute amount of RNA that is loaded into the vesicles. To provide a rough estimate of loading efficiency, stoichiometric analyses on EVs have revealed that even for highly expressed small noncoding RNA molecules, only a single RNA copy per several hundred vesicles can be detected.

There are several opportunities to increase loading further. A study has identified sequence motifs at the 3′-end of RNAs that appear to promote loading into vesicles.^[@ref28]^ These motifs can bind specific proteins that are enriched in vesicles leading to their sorting into the extracellular vesicle fraction, or they bind to proteins that actively load RNAs into vesicles. At present a variety of these proteins have been identified, including heterogeneous nuclear ribonucleoprotein A2B1,^[@ref28]^ Y-box protein 1,^[@ref29]^ and synaptotagmin binding cytoplasmic RNA interacting protein,^[@ref30]^ among others.

Employing RNA motifs that bind artificially introduced vesicular proteins or domains to facilitate targeted loading of EVs is an additional strategy, which is less reliant on the endogenous machinery operating within a specific cell type and under specific culture conditions. For example, the MS2-domain, derived from the coat protein of the RNA bacteriophage MS2, is responsible for binding the RNA genome of the phage through a specific stem--loop structure. Incorporating this structure into the RNA of interest as well as engineering the MS2 domain onto a vesicular protein has been shown to result in enhanced loading.^[@ref31]^ However, as these strategies are currently hampered by limited release kinetics, such approaches may require additional optimization like the use of light-cleavable domains.^[@ref32]^ Although these methods can result in significantly enhanced loading, these methods fall short of the complete encapsulation for siRNA in the synthetic lipid nanoparticles based on electrostatic interaction or the encapsulation far above the solubility limit for doxorubicin into liposomes.

An alternative to the encapsulation during vesicle biogenesis is encapsulation after vesicle production and isolation. Postproduction methods include passive loading based on simple co-incubation with or without the presence of detergents, like saponins, to loosen the extracellular vesicle membrane barrier.^[@ref33]^ A range of small molecules has been incorporated into or associated with vesicles in this way, such as curcumin, paclitaxel, and doxorubicin. An alternative, also based on passive loading of the active ingredient, is the functionalization with hydrophobic anchors to promote association with the vesicle membrane. Even for hydrophilic biologicals, such as siRNA, this has been shown to result in efficient association and functional delivery,^[@ref34]^ albeit the surface exposure of the drug likely limits the level of protection from degradation that would be offered by the encapsulation within the vesicle interior. An advantage of these strategies over active loading, is that the vesicle membrane integrity remains relatively unperturbed, but it may not be suitable for loading of larger molecules.

Active loading strategies generally involve breaking and then rebuilding vesicle bilayer integrity to offer a window of opportunity for drug encapsulation. Especially for biologicals that have a relatively high molecular weight, this is important as spontaneous translocation is negligible. For nucleic acid-based therapeutics, electroporation has emerged as a popular approach.^[@ref18]^ Still, this method is controversial as some, including our lab, have reported that aggregation phenomena between the nucleic acid on the one hand and ions liberated during the electroporation pulse on the other hand may artificially overestimate the amount of encapsulated material.^[@ref35]^ Still the method remains popular and is even geared up for clinical investigations. Similarly, sonication has been used as a way to temporarily destabilize the membrane and load biologicals.^[@ref36]^

An attractive opportunity that, in principle, may avoid the membrane destabilization and concomitant loss of bioactive cargo is based on liposome fusion. In this approach, liposomes composed of fusogenic lipids are co-incubated with extracellular vesicles to merge the cargo of the synthetic vesicles with that of their natural counterparts.^[@ref37]^ This approach may facilitate efficient loading of larger molecules, without breaking of the EV membrane.

Intracellular Uptake and Routing {#sec5}
================================

One of the aspects that is of high interest for drug delivery applications of EVs is their uptake pathway and intracellular routing in cells. For synthetic systems, uptake has been shown to be cell type dependent and can occur through both constitutive and inducible pathways. For lipid nanoparticles, clathrin-mediated uptake and macropinocytosis seem dominant uptake pathways, which are followed by endosomal--lysosomal routing. Especially for RNA delivery where spontaneous escape from degradative endosomal/lysosomal organelles is expected to be limited, quantitative examination of uptake routes and functional delivery is important. In a quantitative study on lipid nanoparticles, ∼70% of the cargo was shown to undergo exocytosis through recycling pathways.^[@ref38]^ In a similar study, estimated escape of siRNAs from endosomes was a mere 1--2% of the amount that was taken up.^[@ref39]^ These numbers indicate that the synthetic systems have limited delivery efficiency *in vitro*. For Onpattro, these numbers have also been calculated *in vivo*. The lipid nanoparticles are able to deliver 60% of the injected dose to the liver hepatocytes amounting to 1.6 × 10^13^ siRNAs/organ or 160 000 siRNAs/cell.^[@ref40]^ Of these, 3.1% (∼5000 copies) were associated with the cellular machinery of RNA interference, that is the RNA-induced silencing complex, which is in line with the 1--2% measured *in vitro*.

For EVs, we have examined internalization of fluorescently labeled vesicles in HeLa cells, in 2D and 3D cell culture^[@ref41]^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Using chemical and RNA interference-based inhibition of key proteins of specific endocytic pathways, the effect on uptake could be established. Vesicles appeared to enter cells predominantly via clathrin-independent endocytosis and macropinocytosis but not clathrin-mediated endocytosis, thus seemingly following different internalization pathways than synthetic systems.

![Strategies to evaluate the delivery potential of extracellular vesicles. (A) Uptake and intracellular delivery can be tracked by fluorescently labeled vesicles. (B) Functional analysis can be based on the reduction of specific proteins caused by encapsulated siRNA/miRNAs through RNA interference. (C) Alternatively, in a reporter-based system, delivery of Cre-recombinase mRNA results in translation to the functional enzyme causing DNA recombination visualized as a color change of the reporter cell.](ar-2019-00109z_0003){#fig3}

To improve our insight into the uptake and intracellular routing of EVs and evaluate which pathways are important for functional RNA transfer, we are currently setting up genetic screens followed by high-throughput fluorescence microscopy. This will allow us to identify both genes that increase and genes that decrease functional RNA transfer. By evaluating the effect of the identified genes on EV-mediated transfer for other various donor EV--acceptor cell combinations, we aim to demonstrate to what extent the pathways are generic.

Functional Delivery of RNA {#sec6}
==========================

One of the key challenges to interpret the functional effects of extracellular vesicles is the abundance of bioactive cargo that could effect phenotypic changes in acceptor cells. Most studies on cellular uptake of EVs employ the use of fluorescently labeled vesicles, by either lipid dyes or fluorescently labeled proteins. Even though these strategies provide invaluable information on EV uptake, intracellular trafficking and processing of these molecules is not necessarily representative of soluble cargo delivery, such as RNA molecules or cytosolic proteins. One work-around for this is the study of EV-mediated miRNA transfer. However, sensitivity of such strategies are generally low, as negative read-outs make smaller effects difficult to observe. Furthermore, measuring miRNA dose-dependent responses is generally more suited for whole cell population analysis rather than single-cell analysis, and as such small effects may be masked by expression levels in the total cell population ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). A breakthrough in this area was the use of a highly specific non-natural reporter system that is based on Cre-recombinase.^[@ref42]^ Cre-recombinase is an enzyme that catalyzes the site-specific recombination event between two DNA recognition sites known as loxP sites. A reporter cell line was genetically engineered to express a red fluorescent protein gene and stop codon between loxP sites followed by a green fluorescent protein gene. When Cre-mRNA is delivered to this cell and is translated to the enzyme, it cleaves out the red fluorescent protein and stop codon, leading to the irreversible expression of green fluorescent protein. The color change in the cell can then be used as a measure of successful functional delivery ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). The only drawback of the system, as is the inherent issue with any reporter system relying on transfer of mRNA, is the potential involvement of the translated enzyme produced in the donor cell. The Cre-recombinase enzyme itself may, similarly as the encoding mRNA, also be transported by the EVs, and this cannot be distinguished from mRNA delivery, as functional delivery of either molecule leads to the same phenotypic outcome. Nevertheless, this system allows the assessment of functional EV cargo delivery at single-cell accuracy and has been an invaluable tool to study EV content delivery. Using this system, it was demonstrated that vesicles functionally deliver Cre protein or mRNA between donor and acceptor tumor cells *in vitro* and even *in vivo*, located within the same and within distant tumors and that these EVs are involved in migration and metastasis.^[@ref43]^

Still, the inability to separate protein-mediated effects from effects mediated by RNA is a drawback, and it is unknown whether results of a reporter system based on these larger molecules are representative of small RNA transfer, for which evidence for functional importance appears stronger. Thus, within the EV research field there is a need for novel sensitive reporter systems for RNA transfer that would combine the advantages of current miRNA and RNA-based reporter systems: a positive read-out system with single cell accuracy for RNA transfer that does not rely on activity of a translated product but rather on direct activity of the RNA molecule itself. Such a system would allow for the elucidation of the mechanisms, as well as the underlying pathways, that are pivotal for EV-mediated RNA delivery and processing. Ultimately, such insights are vital for designing optimal RNA delivery strategies, in the context of both synthetic and EV-mediated approaches.

Toward a Therapeutic Platform {#sec7}
=============================

The translation of EVs into a therapeutic platform for drug delivery may already be just beyond the horizon. Following several small clinical trials evaluating EVs as antitumor vaccines,^[@ref44]^ the results of a recent phase 2 trial in which autologous tumor cell-derived EVs were used to deliver chemotherapy in lung cancer patients, demonstrated that manufacturing and administering drug-loaded EVs is feasible and safe and suggested a beneficial clinical response.^[@ref45]^ Nevertheless, technology for EV production and quality control is far from standardized. While recent efforts have demonstrated the feasibility of GMP production of EVs on a small scale,^[@ref46],[@ref47]^ challenges in their large scale production remain. Currently, there is no consensus on the best technology for EV production (suggested methods include multilayered culture flasks, bioreactors, hollow fiber cartridges) or EV isolation (ultracentrifugation, precipitation, size-exclusion or affinity chromatography, tangential flow filtration). Also pharmaceutical parameters such as EV storage and stability are ill defined. While storage at 4 °C or even −80 °C seems to have little effect on the physiochemical properties of EVs (i.e., size, charge, number),^[@ref48],[@ref49]^ how these conditions affect EV bioactivity is unknown.

We are currently evaluating the effects of varying production platform, isolation method, and storage conditions on the yield, purity, and functional properties of EVs. For this, we are mainly focusing on progenitor cell-derived EVs, for which we have previously shown their intrinsic bioactivity in stimulating angiogenesis and cardiac repair *in vitro* and *in vivo*.^[@ref50],[@ref51]^ This systematic optimization of culture, purification, and storage conditions should allow scale-up to clinical scale manufacturing, which will enable a swift translation of the developed therapies to a clinical application.
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